Pathway analysis using g:Profiler [7] indicated that the genes associated with DMPs in healthy subjects versus NSA at baseline were involved in the regulation of cell proliferation and apoptosis (Hippo signalling pathway) and axon guidance, while differences between SA and controls were associated with ASMC contraction (calcium signalling pathway), proliferation (cancer-related pathways) and the endocytosis pathway (figure 1c). Stimulation of healthy subjects ASMCs activated pathways similar to those seen in the NSA and SA cells (hippo pathway and endocytosis). This suggests that ASMCs from NSA and SA retain an epigenetic profile linked to cell proliferation and asthma despite being in culture for several passages. Stimulated NSA ASMCs increased DMPs linked with repression of innate immune responses (EpsteinBarr virus infection), while in SA cells, the Notch signalling pathway was most significantly activated. This data highlights the importance of altered innate immunity and proliferative signalling by Notch in severe asthma ASMCs.
We used a different approach to examine the importance of severity associated DMPs, namely weighted gene co-expression analysis (WGCNA) [8] and Bumphunter analysis [9] . We identified five out of 19 @ERSpublications Abnormal DNA methylation patterns distinguish airway smooth muscle cell function in asthma and asthma severity http://ow.ly/cTrK30iCwVK modules as being significantly correlated with disease severity (figure 1d). Filtering of these phenotype-associated CpG sites for significance and connectivity gave 15 phenotype DMPs that were more enriched in genomic CpG shores or regions immediately flanking CpG islands and confirmed the importance of the previously identified DBX2, ACP6 and KCNJ11 as hub DMPs. These genes are associated with altered fatty acid metabolism and proliferation (ACP6), G-protein-coupled receptor signalling in metabolic syndrome (KCNJ11) and neuronal patterning (DBX2).
This analysis also confirmed the previously reported decrease in baseline PDE4D ( phosphodiesterase 4D) promoter region methylation in asthma that modulated asthmatic ASMC proliferation [10] . However, this effect was reversed when cells were stimulated with FCS/TGF-β highlighting that ASMC DNA methylation status is labile upon cell activation to induce functional consequences. Pathway analysis of phenotype-associated DMPs confirmed the importance of the Hippo signalling, axon guidance and endocytosis pathways, but also delineated novel pathways including endocannabinoid signalling, which is typically present in the brain [11] and in viral induction of tumours [12] . Further investigation of the role of these pathways in SA is required.
DNA methylation not only regulates gene expression, but also that of miRNAs. Altered expression of miRNAs regulates many physiological processes, including inflammation and remodelling, and has been implicated in asthma [3] . We examined whether the DMPs described here may also control miRNA expression particularly as one of the 15 hub DMPs is associated with miR-548a-3 (figure 1b). We found altered expression of numerous miRNAs (measured by reverse transcriptase (RT-)PCR as previously described [3, 13, 14] ) whose loci were linked with DMPs in asthmatic ASMC at baseline and following stimulation. 113 DMPs associated with miRNA loci were seen comparing healthy subjects and NSA patients; 104 when comparing healthy subjects and SA samples and 120 when comparing NSA and SA ASMCs (figure 1e). The miRNAs associated with the highest and lowest methylated CpGs being MIR137 and MIR372, respectively, in the healthy subjects ASMCs, MIR548Q and MIR575 in the NSA samples, and MIR1265 and MIR1266 in ASMCs from SA. MIR137, MIR372 and MIR575 have been reported to be aberrantly expressed in both ASMCs [13] and asthmatic lung biopsies [14] . However, we show for the first time that miR-1265 and miR-1266 are overexpressed in SA ASMCs.
Stimulation with FCS/TGF-β had a greater effect on DMPs in SA cells, with significantly altered DMPs seen at 10 miRNAs in healthy subjects ASMCs, 18 in NSA and 50 in SA ASMCs at false discovery rate (figure 1f ). The highest and lowest methylated positions, respectively, in healthy subjects ASMCs were associated with MIR218-1 and MIR548F5, with MIR613 and MIR125B1 in NSA samples, and with MIR663 and MIR320D1 in the ASMCs from SA (figure 1f ). Using RT-PCR, we confirmed the expected change in expression of the mature miRNAs correlating with the respective increase or decrease in methylation status. The most highly-expressed miRNA was miR-320d-1 in the SA ASMC, confirming our previous reports in both ASMCs [13] and asthmatic lung biopsies [14] (figure 1f ). In summary, our data suggests that regulation of proliferative/apoptotic pathways is abnormal in ASMC from SA patients and that this may be under the control of dysregulated metabolic processes, particularly those relating to fatty acid metabolism.
Overall, there was ∼80% overlap of the DNA methylation profiles reported here and with gene expression profiles from healthy subjects and NSA and SA primary ASMCs as previously published [5, 13, 14] . This not only confirms our focused analysis at the mRNA level but also suggests that factors such as diet and lifestyle, known to affect DNA methylation status [15] , are unlikely to cause a major bias here. Larger focused studies will be required to address these issues.
We confirm that distinct patterns of DNA methylation are associated with asthma per se and also with disease severity. These methylation changes, in turn, are associated with changes in gene expression and miRNA expression which may influence ASMC function. Indeed, we describe a new mechanism underlying ASMC dysfunction in SA and provide a rationale for delineating the potential therapeutic action of demethylating agents (i.e. adjuvant treatment). We also highlight the potential role of novel pathways such as endocannabinoid signalling in mediating ASMC function in SA. Therefore, this study not only extends our understanding of the multi-layered or integrated nature of the regulatory mechanisms that control the SA ASMC phenotype, but it should stimulate more work on the functional regulation of ASMC function in SA with the potential for newer more effective therapies aimed at not only relieving the increased airway tone but also the hyperproliferative and proinflammatory ASMC of severe asthma. 
